This article designs an active/semi-active hybrid isolator using magnetorheological elastomer isolator and piezoelectric stack actuator to suppress the wide-frequency vibration in precision platform, which can be switched to active isolator, semi-active one, and passive one according to the spectrum signature of the excitation. First, the structure of the hybrid isolator is introduced. Then, the dynamic model of the hybrid isolation system is established, the model parameters are identified, and the switching condition for the hybrid isolator is derived by experiments. Next, considering variable amplitude and frequency vibration of the isolated system, an active and semi-active fuzzy switch controller is designed for piezoelectric stack actuator and magnetorheological elastomer hybrid isolator, which are independent of the system model, self-tuning, and robust. Finally, the numerical simulations are conducted under variable frequency excitations to evaluate the performance of the designed fuzzy switch controller, and the results show that the hybrid isolator, combined with the fuzzy switch controller, can attenuate full frequency vibration effectively.
Introduction
Since most precision instruments in precision fabrication and precision measurement platform are highly sensitive to environmental vibrations, it may give rise to a serious quality problem or inaccurate measurement data. The magnitude of vibration is small at micro level, which is produced by the Earth's rotation, building swinging, transformer, motor operations, occupant movement, and so on. The corresponding frequency range is about 0-100 Hz (Fu et al., 2016; Zhang and Ying, 2010) .
The existing micro-vibration reduction methods mainly consist of active, semi-active, and passive vibration isolation. The active ones including piezoelectric actuators have wide-frequency range (low frequency) and fast response, but have large energy consumption and poor stability especially in high-frequency excitation (Choi and Hong, 2007; Ichchou et al., 2001; Jang et al., 2012; Kerber et al., 2007; Kim et al., 2004) . The passive methods (such as rubber) can only be effective at some fixed frequency, and not deal with variable frequency vibration (Amick et al., 1998) . The semi-active ones (such as magnetorheological elastomer (MRE) isolator) can be considered to consist of many passive ones with different stiffness and damping, have the advantages of wide variable frequency (mid-frequency), good stability, and low power consumption, but it cannot meet well the requirement of lower-frequency vibration suppression (Li et al., 2013 Liao et al., 2012; Yang et al., 2014 Yang et al., , 2015 . When the excitation is complex, such as wide-frequency varying range and uncertainties, the mentioned vibration isolation methods cannot be satisfactory. Therefore, combining the advantages of the above isolation methods, an active (piezoelectric stack actuator (PSA))/semi-active (MRE) hybrid isolator is used in this article to suppress the wide-frequency and micro-amplitude vibration of precision platform system.
The isolation performance depends only on the control strategy for the isolation system with fixed isolator structure in practical application. A controller can improve the dynamic and stability performance of isolation system by some control algorithms to minimize the transferred vibration to the structure. Based on the relationship of control strategy and system model, there are two kinds of methods named modeldependent and model-free. The former includes linear quadratic Gaussian (LQG; Choi and Hong, 2007) , linear quadratic regulator (LQR; Phapale et al., 2007) , Hinfinity (Du et al., 2011) , sliding mode (Oh et al., 2011) , Lyapunov-based method (Behrooz et al., 2014) , and so on, which requires the accurate system model for controller design. Actually, it is difficult to formulate the accurate mathematic model of the hybrid isolation system with the characteristics of nonlinearity and hysteresis. Model-free methods, such as ON-OFF, proportional-integral-derivative (PID), and fuzzy control, provide the solution for the problem. Liao et al. (2012) developed a tunable stiffness and damping MRE vibration isolator and used ON-OFF control to suppress the vibration of sinusoid base excitation 2.5-18.75 Hz, random base excitations, and pulse base excitations. Yang et al. (2014) investigated a novel MRE isolator with negative changing stiffness and used ON-OFF control to reduce vibration for 4.20-9.85 Hz sinusoid base excitation. The ON-OFF control is simple and easy for experimental implementation. However, it makes the system response more oscillatory, which may lead to the unsatisfied results of vibration suppression. Jovanovic´et al. (2013) used PID controller to suppress the vibration of a smart composite beam. PID controller has a simple structure and effective vibration suppression for constant excitation, but it is not effective for the variable excitation. In fact, the excitation is time-varying in most cases, so it is required that the controller should be of strong robustness. Fuzzy controller (FC) is a nonlinear controller to describe any complex relationships between input and output variables and features good robustness (Fu et al., 2016; Lee et al., 2003; Nguyen et al., 2015; Yang et al., 2016) . Fu et al. (2016) used fuzzy control strategy for an MRE isolation system to suppress the multi-frequency vibration of 80-110 Hz. Yang et al. (2016) used fuzzy control strategy for a three-story structure with MRE isolator to suppress the earthquake wave. However, the above FC is only effective for the few frequency range vibration and single isolator (PSA or MRE isolator), which cannot deal with the wide-frequency case and hybrid isolator application. So it is required for the precision platform isolation system with active/semi-active hybrid isolator to design a fuzzy switch controller (FSC) to suppress the wide-frequency vibration in this article, which works as the semi-active FC under PSA and low-frequency vibration and as the active FC for MRE isolator and mid-to high-frequency vibration.
In this article, the dynamic model of the quarter precision platform with a hybrid isolator is established, and the switch condition between active mode, semiactive mode, and passive mode is obtained based on testing and simulation results. The FSC for the hybrid isolation system is then proposed, and the responses of the isolated load to complex excitations are simulated in MATLAB software; the results indicate that the proposed FSC could attenuate the wide-bandwidth and micro-amplitude vibration effectively.
Modeling of hybrid isolation system
The structure of active/semi-active hybrid isolation
The active/semi-active hybrid isolator with serial form consists of PSA isolator and MRE isolator, which is shown in Figure 1 . The PSA mounted on the top of the hybrid strucure is used to suppress the lower-frequency Figure 1 . Schematic of the hybrid isolator.
vibration, and the MRE isolator installed in the lower part is used to suppress the mid-to high-frequency vibration.
PSA is made up of piezoelectric stack, output rod, rectangular spring, swivel joint, and piezoelectric shell, where the material of output rod, rectangular spring, swivel joint, and piezoelectric shell is 304 stainless steel. In order to prevent the piezoelectric stack from damage in application, the output rod is connected to swivel joint in the form of cone ball-end. The rectangular spring (JIS B50 12:1998 ) is used to provide the pretightening force of 57.6 N, and the values of stiffness and displacement are 1.40 kgf/mm and 4.20 mm, respectively.
The MRE isolator worked in shear-compression mixed mode, which is composed of several important elements such as laminated MRE and steel layers, shear MRE, electromagnetic coil, bobbin, sleeve, top plate, and bottom plate. The bottom plate is fixed to the base, and the high-tech facilities are mounted on the top plate. Placed in the center of the bobbin, the laminated structure with two MRE layers and one steel layer guarantees a large loading capacity in the vertical direction while the shear MRE could increase the MR effect and form a closed magnetic circuit. The sizes of the compression MRE layer and shear MRE are f32 3 2 mm and 106.8 3 2 3 6 mm, respectively. Besides, the bobbin and bottom plate are made from aluminum alloy, and the other parts in the circuit such as top plate and sleeve are from structural steel. The cooper wire winds on the bobbin to form the electromagnetic coil. Based on the theoretical calculation and finite element analysis (Yang et al., 2015) , the parameters of the hybrid isolator are listed in Table 1 .
Remark 1. The reason of hybrid structure with serial form is that the stiffness of the PSA is larger than that of the MRE isolator; the parallel form is not effective for vibration. Remark 2. It is possible to satisfy the requirement of large stiffness in engineering as well as the high relative MR effect by adopting the MRE isolator working in shear-compression mixed mode.
The modeling of active/semi-active hybrid isolation
Based on the designed hybrid isolator in section ''The structure of active/semi-active hybrid isolation,'' the hybrid isolation system can be described by a 2-degreeof-freedom system, as shown in Figure 2 .
Using Newtonian mechanics, the dynamic equation of the system could be derived as
where k 0 and c 0 are the stiffness and the damping coefficient of the MRE isolator under zero magnetic field, respectively; k p and c p are the equivalent stiffness and the damping coefficient of PSA, respectively; m and m L are the intermediate mass and the isolation structure mass, respectively; x g (t), x m (t), and x r (t) are the displacement of the base, the intermediate mass, and the isolation structure, respectively; _ x g (t), _ x m (t), and _ x r (t) are the velocity of the base, the intermediate mass, and the isolation structure, respectively; € x m (t) and € x r (t) are the acceleration of the intermediate mass and the isolation structure, respectively. F PSA (t) and F MRE (t) are the active actuation force of PSA and the semi-active actuation force of MRE isolator generated by the electromagnetic field, respectively, which will also be computed by the designed FSC in the following section. The equivalent stiffness and damping coefficient of PSA and MRE isolator are obtained from experimental test results in Fu et al. (2014) and Fu et al. (2016) , which are listed in Table 2 . 
FSC design
The schematic diagram of hybrid vibration isolation system with FSC is shown in Figure 3 . The principle of the control system is described as follows: when the main frequency of response vibration is lower, the active isolator under active FC works; when the frequency is mid, the semi-active isolator under semiactive FC operates; and when the frequency is high, the passive isolator works. The passive control means that there is no control current application to MRE isolator and also no control voltage application to PSA. 
Switch condition
For the PAS used in this article which is linear under the operating frequency range of 50 Hz by experimental test (Fu et al., 2014) , the switch frequency of active and semi-active control is set as 50 Hz. On the other hand, in order to obtain the switch frequency of semiactive control and passive control, the simulations are carried out. The transmissibility curves of the hybrid isolation system with the two control strategies are shown in Figure 4 . It can be seen from the figure that the attenuation of transmissibility with semi-active control is more than that of passive control when the excitation frequency is less than 87 Hz; when the excitation frequency is more than 87 Hz, the passive control is better. So the switch frequency between semi-active and passive control is determined as 87 Hz. Based on the above analysis, the switch condition of the hybrid vibration isolation system can be described as follows
where F switch (t) is the switch control force and F passive (t) is the passive output force, which is the force generated by MRE isolator under no current application to isolator and no control voltage to PSA.
Active FC
The structure of the active FC in this article involves fuzzifier, fuzzy rules and fuzzy inference, and defuzzifier as shown in Figure 5 . And the input variables are selected as the error of displacement e and its change rate ec, while the output is the applied force to the PSA. The error signal is obtained by
where x ref (t) is the reference displacement value of the isolation structure, which is set as zero, and e denotes the error value between the reference displacement and the measurable displacement.
Fuzzifier. Considering the controller's complexity and accurate performance of the system, the input and output linguistic variables are assigned using seven fuzzy subsets in this article, which are denoted by negative big (NB), negative medium (NM), negative small (NS), zero (ZO), positive small (PS), positive medium (PM), and positive big (PB). The discourse domain of the inputs is set as [26, 6] . Hence, the input variables need to be scaled in such a manner that their minima are 26 and maxima are 6
where k e and k ec represent the quantification factor of the error and the one of the error's change, respectively; e max and ec max are the maxima of the input variables e and ec, respectively; and E max and EC max are the maxima of the inputs' discourse domain, which are 6 in the article.
Fuzzy rules and fuzzy inference. Fuzzy rules play an important role in the fuzzy control system. For the active vibration control system in this article, assume that E and EC are both PB; U (the output of the FC) should be NB to prevent the change in E. So the ith rule can be written as follows
where A i , B i , C i are the linguistic values of the fuzzy variables of the ith rule. Considering the number of fuzzy subsets given for each input and output in the fuzzifier section, it can be concluded that the number of fuzzy rules is 49, and the rules are listed in Table 3 . The fuzzy inference of the controller is based on Mamdani's method, which is associated with the maxmin composition. The membership functions of the inputs and output are shown in Figure 6 . It is noted that a ''Z''-shaped membership function and ''S''-shaped membership function, which are expressed in formula (6) and (7), respectively, are selected for NB and PB to enhance the smoothness of the control processing and guarantee the stability of the controlled system, and different triangle-shaped membership functions are used for the rest of linguistic variables to improve the sensitivity of the controlled system, especially under small-magnitude excitations
where a = À 6, b = À 3 
where c = 3, d = 6.
Defuzzifier. Through a defuzzifier named center-ofgravity method, the results of the fuzzy inference are transformed back to numerical output force of the PSA to be implemented in real-time control. U is the output in discourse domain [27, 7] , and the control output of the PSA is
where k u represents the output scaling factor, and F PSA (t) is the control force applied to the PSA.
Semi-active FC
Different from the active FC, the MRE semi-active control output force is related to the intermediate mass displacement x m (t) and the relative displacement x rel (t) = x m (t) À x g (t) between the intermediate mass displacement and excitation displacement (Fu et al., 2016) ; the semi-active control law can be represented as
where F c (t) is the desired force computed by semi-active FC, and F max is the maximum output force of the MRE isolator. Similar to the semi-active FC design of the MRE isolation system in Fu et al. (2016) , the scaling of inputs is described
where D and RD represent the intermediate mass displacement and relative displacement in the fuzzy set, respectively, and k The fuzzy rules and membership function of semiactive control are shown in Table 4 and Figure 7 , respectively. The control output force generated by MRE isolator is expressed in the following formula 
where k 0 3 represents the output force scaling factor, and U 0 is the MRE isolator output force in fuzzy set. More detailed illustration on the semi-active FC design of the MRE isolator can be found in Fu et al. (2016) .
Simulation results and analysis
Considering the characteristic of the harmonic vibration, numerical simulations are conducted to evaluate the performance of the designed FSC under variable single-frequency and multi-frequency excitations, respectively.
Variable single-frequency excitation
For the switching frequencies 50 and 87 Hz, the timevarying single-frequency excitations are chosen as 20, 75, and 200 Hz, which are located in the individual frequency bands of the active, semi-active, and passive control. The root-mean-square (RMS) value of the excitation is set to 20 mm. The quantification factors and scaling factor of the active and semi-active FC are determined by formulas (4), (8), (10), and (11), respectively.
The base displacement is shown in Figure 8 (a). The load displacement of the isolation system and control force under FSC are shown in Figure 8 time-varying excitation conditions are listed in Table 5 . It can be seen from Figure 8 and Table 5 that (1) The load displacements of the hybrid isolation system under FSC are decreased effectively for the time-varying single-frequency excitations (20, 75, and 200 Hz) , and the percentage decreases in the displacement RMS values are always more than 81%. (2) The fuzzy switch control has little power consumption in comparison with the complete active fuzzy control. (3) Due to the time consumption of the spectrum analysis, switching control process always has a time lag of 0.3 s. For example, when the excitation frequency varies from 75 to 200 Hz (according to semi-active case and passive case), the load displacement in Figure 8 (b) has an increase of 4-4.3 s. The reason is that the designed FSC has a 0.3-s time delay to lead to unchangeable control output.
Variable dual-frequency excitation
The fuzzy switch control simulation is carried out under the variable dual-frequency excitations in this section. Table 6 . In the time periods of 0-2, 2-4, and 4-6 s, the main frequency components are 40, 70, and 190 Hz, which correspond to active control, semi-active control, and passive control, respectively. The excitation RMS values in whole process are always unchanged. The load displacement with FSC in time domain and frequency domain is shown in Figures  9(b) and 10, respectively. The control force is also presented in Figure 9 (c). The displacement decreases in the system in time and frequency domains are summarized in Tables 7 and 8 , respectively. According to these figures and tables, it can be known that the load displacement is always reduced in comparison with excitation displacement, and the maximum attenuation of the displacement RMS value is still up to 70% in time domain under active control mode. In addition, in frequency domain the amplitude at each vibration frequency point has a great decline and the maximum decrement reaches to 81%. Even in switching process, the load displacement is always kept at a smaller level.
Variable triple-frequency excitation
The triple-frequency excitation is shown in Figure  11 (a), and the amplitude and frequency of excitation in different time periods are listed in Table 9 , which contains three frequency components. In the time periods of 0-2, 2-4, and 4-6 s, the main frequency components are set as 30, 75, and 200 Hz, which correspond to active control, semi-active control, and passive control, respectively. The RMS value of the triple-frequency excitation in different time periods is different. The load displacement and control force with FSC in time domain are presented in Figure 11 (b) and 11(c), respectively. The load displacement in frequency domain is also presented in Figure 12 . Meanwhile, the displacement decrements in time and frequency domains are all summarized in Tables 10 and 11 , respectively. The maximum and minimum load displacement decreases in time domain are 97% and 67%, respectively, corresponding to semi-active mode and passive mode. In Figure 11 (c), the load displacement RMS value has a significant attenuation at 140 and 200 Hz under the passive control mode. However, the amplitude at the non-dominant frequency of 15 Hz has only a little amplification. It is also demonstrated that the passive control is more effective for high-frequency vibration.
Conclusion
The active (PSA)/semi-active (MRE) hybrid isolator is proposed in this article, and the model parameters and switch frequencies of the hybrid system are identified by simulations and experiments. The FSC with the characteristic of strong robustness and independent of the isolation system model with nonlinearity is designed. The simulation results show that the microvibration could be significantly suppressed with designed FSC for single-frequency and multi-frequency vibrations, where the displacement RMS value decreases by 66.68% at least. Yang J, Sun SS, Tian TF, et al. (2016) 
